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PLASMA BASED NOISE REDUCTION
SYSTEM

This application claims prionty to EP 21184036.6, filed
Jul. 6, 2021, the entire contents of which 1s hereby incor-
porated by reference.

FIELD OF INVENTION

This invention relates to a plasma electroacoustic system
for sound manmipulation, in particular for sound reduction
such as noise cancellation and sound absorption.

BACKGROUND OF THE INVENTION

In many conventional active noise control technologies,
clectrodynamic loudspeakers (comprising a vibrating mem-
brane, a permanent magnet, and an electrical coil) are used.

Regarding duct noise reduction (such as ventilation noise
and exhaust gas noise), noise cancellation systems are
typically implemented with wall mounted transducers, since
the loudspeaker membrane 1s impermeable to the gas. Active
control to reduce noise 1n an eflicient manner 1s however
challenging with such systems. Although active sound
absorption with conventional transducers 1s known to
improve performance over the passive methods because
absorption can be generally achieved over a greater band-
width than with a passive matenal, 1t 1s still limited around
the natural resonance frequency of the loudspeaker mechani-
cal system (vibrating diaphragm) [1]. Such kind of absorber
has generally limited performance at high frequencies as
well. Also, when assembling such loudspeakers in arrays, as
for example 1s the case of acoustic liners for aircrait appli-
cations (large surfaces for engine ducts noise reduction), the
total weight of the absorber can become unacceptable [2].

Sound 1nsulation in conventional double panel windows
1s known to progressively weaken towards the low frequen-
cies [3], which 1s difficult to address with passive methods.
Active noise reduction methods proved their efliciency to
significantly reduce sound transmission in the low frequency
range [4]. However, the use of electrodynamic loudspeakers
within the window panels 1s 1impractical due to the driver’s
opacity. To this end, almost fully transparent piezoelectric
films were designed to substitute the loudspeakers [3].
Despite their good performance at low sound pressure levels
of noise, they are not yet able to work with high sound
pressure levels.

Plasma-based electroacoustic transducers present several
advantages over the conventional electrodynamic ones. The
absence of the membrane, suspension and any other moving
parts, reduces weight, increases mechanical robustness, and
does not present mechanical resonance.

The work [8] by Bastien overviews possible plasma-based
concepts for the sound reproduction. It discusses the physi-
cal mechanisms which allow the generation of sound waves
in various gas discharge types. In the arc discharge, the
modulation of electrical current varies the amount of heat
dissipation 1n the gas between the electrodes. Such heat
change provokes a local gas density fluctuation which finally
produces a sound wave. Corona discharge generates sound
in a different way. It provides gas ionization only in the
region close to the emitter electrode. The 10ns further drift to
the collector electrode transierring their mechanical momen-
tum to the surrounding neutral gas particles and finally
creating the tlow often called 1onic wind. The modulation of
flow velocity yielded by the electrode voltage varnation
compresses the air and generates sound waves. The work by
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Bequin [9] suggests an electrical model specifically
designed for the point to plane corona discharge which can

describe the acoustic behavior of the actuator 1n free space
with far field approximation. However, such actuator’s con-
figuration was able to produce only miniscule sound pres-
sure levels which 1s impractical for mampulation of audible
sounds. Moreover, to set the model parameters, the whole set
of frequency response and directivity patterns measurements
1s required.

WO 2007/1277810 relates to an electroacoustic transducer
producing sound due to a vibratory movement of the corona
discharge generated fluid flow. This publication however
does not describe any system linked to active noise control
applications and the electroacoustic transducer control sys-
tem and setup described therein would not be adapted for
active noise control applications.

Sergeev et al. [13], [14] investigates a corona discharge
(CD) actuator 1n wire to mesh geometry and 1ts potential
application to the active noise control. The first work [13]
discusses the physical principles of sound generation pro-
cess of the CD actuators. Although the paper points out
several advantages of the CD-based electroacoustic trans-
ducers over the conventional electrodynamic ones and con-
cludes that the CD-based actuators are potentially suitable
for active noise control applications, 1t describes sound
radiation mechanisms 1n free space and remains valid only
in field approximation in the low frequency range. It does
not describe the transducer’s near field radiation which 1s of
high importance for active sound control. Additionally, the
study does not guide on any possible implementation of the
system for active noise control applications. The second
study [14] demonstrates the implementation of one sound
absorption method which does not require any analytical
model of the corona discharge actuator. The actuator con-
sidered in the study has a particular geometrical and elec-
trical parameters and the scaling of the actuator 1s not
proposed. Moreover, the achieved absorption 1s not optimal
and 1n particular cannot reach frequencies as low as 100 Hz.

Conventional systems with plasma actuators typically use
power supplies with bulky transformers which have only a
single high voltage output signal. Thus such systems are
limited 1n the actual applications of active noise reduction
for which they may be used where many individually
powered actuators are needed.

SUMMARY OF THE INVENTION

In view of the foregoing, an object of the mvention 1s to
provide an active noise reduction that i1s compact and that
may be implemented in various structures for eflective noise
reduction or other desired sound manipulation effects.

It 1s advantageous to provide an active noise reduction
system that 1s eflective over a large frequency range, 1n
particular including frequencies below 100 Hz and higher
than 1000 Hz.

It 1s advantageous to provide an active noise reduction
system that 1s lightweight.

It 1s advantageous to provide an active noise reduction
system that 1s safe.

Objects of this invention have been achieved by providing
an active noise reduction system according to claim 1.

Disclosed herein 1s an active noise reduction system
comprising an electroacoustic plasma transducer for mount-
ing 1 an installation structure and an acoustic sensing
system. The electroacoustic plasma transducer comprises a
plasma electrode arrangement including a collector elec-
trode and a corona electrode, and a control system connected
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to the plasma electrode arrangement for supplying power to
the plasma electrode arrangement. The control system com-
prises a controller, and a amplification circuit. The acoustic
sensing system 1s connected to the control system providing
a measurement signal of an environmental sound to control
the output of the electroacoustic transducer for reducing
noise. The control system comprises a filter implementing a
control transfer function O(w) based on a model of the
clectroacoustic plasma transducer.

In an advantageous embodiment, the filter implementing
said control transfer function 0(s) 1s further based on a
frequency-dependent target acoustic impedance 7, (w).

In an advantageous embodiment, the acoustic sensing
system comprises a microphone connected to the control
system and placed on an open side of the plasma electrode
arrangement facing a source of noise to be reduced.

In an advantageous embodiment, the filter outputs a
voltage signal u , -(s) fed into the amplification circuit of the
control system configured to drive the electrode arrangement
to achieve said frequency-dependent target acoustic imped-
ance at the position of the microphone.

In an advantageous embodiment, the microphone 1s posi-
tioned at a distance of less than 20 mm from the open side
of the plasma electrode arrangement.

In an advantageous embodiment, the filter 1s an Infinite
Impulse Response (I1IR) filter.

In an advantageous embodiment, said model of the elec-
troacoustic transducer comprises parameters selected from
any one or more of:

geometrical parameters, such as: a distance d between the

corona electrode and the collector electrode, a cross
section area of the electrode arrangement S_, a distance
L from a center of electrode arrangement to an enclo-
sure;

a back impedance 7, corresponding to the presence of an

enclosure behind the electrode arrangement;
environmental parameters, such as: ambient gas tempera-
ture T,, sound speed in gas ¢, gas mass density p;
discharge parameters, such as: eflective 1on mobility
critical u,, corona voltage U, and dimensional constant
C.

In an advantageous embodiment, said discharge param-
eters critical corona voltage U, and dimensional constant C
are obtained by applying diflerent constant voltages U and
recording the electrical currents 1 between the corona and
collector electrodes whereby for data points where said
current 1s not zero, a recorded curve can be fitted with
formula [=CU(U-U,) and therefrom the critical corona
voltage U, and dimensional constant C parameters can be
obtained.

In an advantageous embodiment, the amplification circuit
comprises a feedback line connected between the electrode
arrangement and the amplification circuait.

In an advantageous embodiment, the amplification circuit
comprises a plurality of amplification channels connected to
a plurality of said plasma electrode arrangements configured
to feed each electrode arrangement with an individual alter-
nating electrical voltage signal.

In an advantageous embodiment, each amplification chan-
nel of the amplification circuit comprises a vacuum tube.

In an advantageous embodiment, each amplification chan-
nel of the amplification circuit comprises a load resistor that
may have a diflerent value from load resistors of other
channels for setting the amplification level of each channel
adapted to the desired operation of the electrode arrange-
ment connected thereto.
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In an advantageous embodiment, the amplification circuit
comprises a DC power supply, a switched mode circuit
connected to the DC power supply, and a transformer and
rectifier connected to the switched mode circuit.

In an advantageous embodiment, an anode of said
vacuum tube 1s connected to the output of the rectifier via
said load resistor.

In an advantageous embodiment, the collector electrode 1s
least partially transparent.

In an advantageous embodiment, the amplification circuit
generates a maximum transducer operating voltage 1n a
range of 5 to 20 kV, more preferably 1n a range of 5 to 15
kV.

In an advantageous embodiment, a distance d between the
corona electrode and the collector electrode, and maximum
transducer operating voltage diflerence U_ ., between the
corona electrode and collector electrode, 1s chosen 1n order

to satisty the relation: U__ /d=1.8 MV/m-2 MV/m.

In an advantageous embodiment, the corona electrode
comprises an array of electrode segments spaced from each
other at a distance between 1.5*d and 3*d, where d 1s the

closest distance between the corona electrode and the col-
lector electrode.

In an advantageous embodiment, the electroacoustic
plasma transducer comprises an enclosure on one side of the
plasma electrode arrangement.

In an embodiment, said plurality of plasma electrode
arrangements comprises one corona electrode and a plurality
of collector electrodes associated with said one corona
electrode.

In an embodiment, the plurality of collector electrodes
form together a 3D shape surrounding the corona electrode.

In an embodiment, the 3D shape 1s substantially spherical.

In an embodiment, the plurality of electrode arrangements
are installed 1n a window.

In an embodiment, the plurality of electrode arrangements
are installed 1n a frame of window.

In an embodiment, the plurality of electrode arrangements
are 1nstalled mm a plenum of the window, substantially
parallel to a panel of the window.

In an embodiment, the plurality of electrode arrangements
are installed 1n an exhaust or ventilation duct.

In an embodiment, the plurality of electrode arrangements
are 1nstalled transversely across an axis of the exhaust or
ventilation duct.

The noise reduction solution proposed in the present
patent application can ofler visual transparency and higher
mechanical robustness of the actuators. The control system
according to embodiments of the invention may employ a
control method using an analytical model of the transducer
with parameters tuned experimentally to take into account
the actual behaviour of the transducer that allows achieving
optimal absorption in the wide frequency range. The flex-
ibility 1 geometry and distributed control of several trans-
ducers can progressively improve sound insulation perfor-
mance compared to conventional active window
technologies.

Further objects and advantageous aspects of the invention
will be apparent from the claims, and from the following
detailed description and accompanying figures.

at

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described with reference to the
accompanying drawings, which by way of example 1llustrate
embodiments of the present invention and in which:
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FIG. 1a 1s a schematic simplified view of a substantially
planar electrode arrangement of an active noise reduction

system according to an embodiment of the invention;

FIG. 1b 1s a schematic simplified view of a curved
clectrode arrangement of an active noise reduction system
according to another embodiment of the mvention;

FIG. 1c 1s a simplified schematic perspective view of an
clectrode arrangement of an active noise reduction system
according to another embodiment of the mmvention;

FIG. 1d 1s a simplified schematic perspective view of an
clectrode arrangement of an active noise reduction system
according to another embodiment of the mvention;

FIG. 1e 1s a simplified schematic perspective view of an
active noise reduction system according to an embodiment
ol the invention mounted 1n an installation structure such as
a room or a cabinet;

FIG. 1f 1s a simplified schematic view of an active noise
reduction system 2 installed on a duct according to another
embodiment of the invention;

FIG. 2a 1s a schematic perspective view of a portion of an
installation structure formed of a window in which an
clectrode arrangement of an active noise reduction system
according to an embodiment of the imnvention 1s installed;

FIGS. 26 and 2c¢ are views similar to FIG. 2a of variants;

FIG. 3 1s a schematic simplified cross-sectional view of an
active noise reduction system according to an embodiment
ol the mnvention installed in an installation structure formed
of a ventilation or exhaust duct;

FI1G. 4 1s a schematic simplified cross-sectional view of an
clectroacoustic plasma transducer of an active noise reduc-
tion system according to an embodiment of the mvention;

FIG. 5a 1s a simplified block circuit diagram of an active
noise reduction system according to an embodiment of the
invention;

FIG. 556 1s an illustration similar to FIG. Sa of a variant:

FIG. 5¢ 1s a block diagram of an active noise reduction
system according to an embodiment of the invention;

FIG. 6 1s a graphical illustration of a one dimension
schematic of an acoustic source and boundary positions of
an active noise reduction system according to an embodi-
ment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

Referring to the figures, an active noise reduction system
2 according to embodiments of the invention, comprises an
clectroacoustic plasma transducer 5, a sensing system 11,
and a support 3. The support 3 may be configured for
mounting to an installation structure 1, or the support may
form a portion of an installation structure.

The installation structure may be of various types depend-
ing on the application. The purpose of the active noise
reduction system 1s to reduce or cancel undesirable acoustic
sources 1n the environment 1t 1s placed. It can be used 1n
various 1nstallation structures, such as rooms, ventilation
ducts, motor and machine enclosures, windows, exhaust
systems, and other installations where noise reduction 1s
desired.

The electroacoustic plasma transducer 5 comprises an
clectrode arrangement 6 and a control system 7 connected to
the electrode arrangement supplying power to the electrode
arrangement and controlling operation of the electroacoustic
plasma transducer 5.

The electrode arrangement 6 comprises a collector elec-
trode 8 and a corona electrode 9, supported by a support
frame 10. The electrode providing gas 1onization in 1ts
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vicinity 1s referred as corona or emitter electrode. The
clectrode, attracting the 1on flow 1s referred to as the
collector electrode. The transducer electrodes can be made
of any conducting or semiconducting material. Since the
emitter electrode 1s subject to an intensive oxidation, the
preferred material of the corona electrode or at least an outer
layer thereof 1s resistive to oxidation for example, stainless
steel or nickel-chromium alloy. In illustrated embodiments,
the corona electrode comprises a thin wire. In variants, the
corona eclectrode may comprise a needle or blade. In
embodiments, to increase the acoustic power, the corona
clectrode can be made of an array of wires, needles, blades.
A typical thickness of the corona electrode 1s 1n a range of
0.1 to 1 mm, preferably 1n a range of 0.1 to 0.5 mm.

In an embodiment requiring visual transparency, for
instance where the collector electrode 1s 1ncorporated 1n a
window, the collector electrode can be manufactured from a
transparent conducting or semiconducting material such as a
f1lm of sputter-coating of metals, graphite on polymer mate-
rials or a layer of transparent conductive oxide such as
aluminium doped zinc oxide, mndium tin oxide, fluorine
doped tin oxide, on a transparent insulating substrate such as
glass.

The collector electrode may comprise various planar or
non-planar shapes such as a plate, a wire mesh, a cylinder,
a sphere, a parabolic shape, or portions thereol, or various
irregular shapes, and the collector electrode has a greater
dimension and 1f curved, a greater radius of curvature, than
the emitter electrode.

Both emitter and collector electrodes may be arranged to
generally form an arbitrary surface with various surface
areas, however essentially the same minimum distance d
should be maintained between every point of the corona
clectrode and the closest point over the collector electrode.
Otherwise, the discharge will be concentrated 1n the regions
presenting a shorter distance, leading to lower transducer
elliciency and the risk to be more prone to arcing.

The operating DC voltage difference U, between the
clectrodes preferably ranges between 1 to 30 kilovolts,
preferably 5 to 15 kV, depending on the distance d between
the corona electrode and the collector electrode, the output
voltage of the power supply, and other operating parameters.

In embodiments of the invention, the distance d between
the corona electrode and the collector electrode and maximal
transducer operating voltage difference U___ between the
clectrodes 1s chosen 1n order to satisity the relation:

U, . /d=1.5 MV/m-2 MV/m.

In the case of an array of corona electrodes, they are
preferably spaced equally from each other with minimal
distance of 1.5*d and maximal of 3*d, otherwise the output
power considerably decreases due to the mutual high poten-
tial influence reducing gas i1omization, or due to a low
number of electrodes.

The AC signal voltage amplitude u,. should satisty
several conditions:

UqctUpc<l

I
Upc—t 0> Uy,

HA C._.::O]. UEC?

il

‘erence when the

where U, 1s the critical voltage di
corona discharge initiates.

The third relation constraining the AC voltage amplitude
1s advantageous but may be violated: u . can be increased
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depending on the acceptable level of nonlinear distortion 1n
the acoustic response of the transducer.

Keeping the same distance d between the electrodes while
extending the operational surface secures the acoustic char-
acteristics of the transducer. The proposed geometry guide-
lines allow manufacturing a transducer geometry that covers
a large range of different shaped electrodes. Although con-
ventional electrodynamic transducers are restricted to cir-
cular or elliptic shapes with a conical membrane, the pro-
posed CD-based transducer can have many other shapes that
allow 1t to be adapted to various installation structures for
optimal noise reduction.

The number of electrodes 1s not necessarily restricted to
two. Various combinations of electrodes number and shapes
lead to a different acoustic behaviour of the transducer.

A first basic embodiment of the electroacoustic plasma
transducer 5 1s illustrated 1n FIG. 1. In this embodiment the
clectroacoustic plasma transducer 5 includes two electrodes
where the planes containing the electrodes are parallel. The
corona electrode 8 comprises a wire, and the collector
clectrode 9 comprises a perforated plate. In variants, the
corona electrode may comprise an array ol needles, or a
blade, or an array of blades. In variants, the collector
clectrode may comprise a mesh, or a patterned layer of
clectrically conducting material on a substrate. The collector
clectrode 1s preferably substantially acoustically transparent
in the operating range of frequencies of the active noise
cancellation system 2. In the configuration of this embodi-
ment, the transducer presents a sound source with a direc-
tivity pattern which corresponds to a combination of
monopolar and dipolar radiation.

An alternative embodiment includes a second collector
clectrode placed symmetrically with the first collector elec-
trode relative to the corona electrode plane. Such a trans-
ducer has an ommidirectional radiation 1n the frequency
range, 1n which the thickness of the transducer 1s smaller
than the sound wavelength. If one of the collector electrodes
1s made of a solid sound reflecting material such as a
metallic plate, the emitted sound power at the opposite side
1s doubled. Transducers with the above mentioned specifi-
cations provide the generation of a homogeneous flow,
which propagates orthogonally to the collector electrode
plane. In this case the transducer 1s suitable for a sound
manipulation device which works with plane sound waves.

In an embodiment, the transducer may comprise an enclo-
sure 4 configured to enclose the electrodes 8, 9 on one side.
In the case of a ngid enclosure 4 the sound radiated towards
a backing wall 21 of the enclosure 1s fully or partially
reflected and further summed with the radiation toward the
open side 22. It 1s preferable that the backing wall 21 follows
the shape of the collector electrode 8 and that its surface 1s
parallel to the collector electrode surface. If the distance
between the backing wall 21 and the collector electrode 8
varies, the time delay of reflected signal 1s different along the
surface, resulting 1n an mmhomogeneous phase shift in the
transducer’s emitted sound, thus varying radiation patterns.

In the case of the monopolar configuration of the trans-
ducer the frontward and backward radiated signals have the
same phase. With one side enclosed, the sound 1s amplified
(compared to the case without enclosure) up to the fre-
quency:

fmﬂx {Caz'r/dapth/gn

where c_. 1s the sound speed 1n air, depth 1s the distance
between the backing wall 21 and a centre point between
transducer’s electrode planes. At the frequency 21 the
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frontward-radiated and backward-retlected
pletely cancel out the total signal.

In an embodiment, the collector electrode of a monopolar
transducer type can be used as the enclosure backing wall 1
it 1s made from a solid conducting material, such as a
metallic plate. Thus, the parameter depth can be reduced to
tew millimeters, leading to sound amplification up to 3-10
kHz.

In an embodiment comprising a dipolar electrode, the
frontward and backward radiations have opposite phases. By
enclosing one side, the total radiated sound 1s strongly
reduced 1n the low frequency range. The amplification of
radiated sound 1s achieved around the frequency 1 .

sound com-

f.=c,./depth/4.

The enclosure 4 can be designed 1n order to amplify the
desired range of frequencies and to reduce the radiation of
unwanted frequencies. The same reasoning can be extended
to other 3D shapes with multipolar radiation patterns.

The control system 7 comprises an amplification circuit
13 connected to the electrodes 8, 9 to provide power to the
clectrodes, and a controller 12 connected to the amplifica-
tion circuit to control the output of the amplification circuit
driving the electrodes. The control system may further
comprise a sensing system connected to the controller,
which may 1n particular comprise a microphone, or a plu-
rality of microphones. The microphone or at least some of
the plurality of microphones, are arranged to capture an
acoustic signal between the electrode arrangement 6 and a
source of sound to be reduced or cancelled, and to feed the
captured signal to the controller for use 1n a feedback or feed
forward control process. The controller 12 may comprise
various computing configurations, for mstance a dedicated
microcontroller mcorporated 1n electronics of the electroa-
coustic plasma transducer 3, or in the form of an external
computing unit such as a personal computer connected to the
clectroacoustic plasma transducer 5 through an amplifier.

The amplification circuit 13 comprises at least one power
supply 14 and a plurality of amplification channels. Each
amplification channel 1s connected to an electrode arrange-
ment formed of at least one corona electrode and one
associated collector electrode.

According to an aspect of the invention, the active noise
reduction system 2 comprises a plurality of electrode
arrangements 6 that may be connected each to a different
amplification channel with the same or diflerent amplifica-
tion parameters to control different electrode arrangements
with the same or different frequency bandwidths and power.
The term “electrode arrangement”™ as used herein 1s intended
to mean an electrode pair formed by one corona electrode
and one associated collector electrode, whereas the term “a
plurality of electrode arrangements” as used herein 1s
intended to mean any one of: a plurality of electrode pairs
cach formed by one corona electrode and one associated
collector electrode; or

one corona electrode and a plurality of collector elec-

trodes associated therewith, where the collector elec-
trodes are configured to be connected to individually
controlled potentials; or

one collector electrode and a plurality of corona elec-

trodes associated therewith, where the corona elec-
trodes are configured to be connected to individually
controlled potentials.

This advantageously allows the active noise reduction
system 2 to comprise a plurality of electrode arrangements
assembled together to cover a large surface area and/or to
reduce noise over a large frequency spectrum, including low
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frequency sound, in particular below 100 Hz and high
frequency sound above 1 kHz. The plurality of electrode
arrangements assembled together also advantageously allow
the provision of an electroacoustic plasma transducer S with
various 3D shapes.

The electroacoustic plasma transducer 3 requires a high
voltage supply. In conventional systems this typically
involves a high number of transformers connected 1n series
in order to achieve the required voltage amplitude. This
provides a high electrical power delivered to a single trans-
ducer, but with the drawback of providing a cumbersome
power source. Moreover, 1n conventional systems, 1t 1s
proposed to have a high frequency modulation in order to
deliver the electrical power, which can potentially create
clectromagnetic interferences, likely to disturb sensors (for
example microphones) in the vicinity of the transducer.

For sound reduction purposes, according to an aspect of
the present invention, 1t 1s advantageous to provide a plu-
rality of rather low power consuming and individually
controlled transducers. The proposed amplification circuit 1s
designed to feed a plurality of electrode arrangements with
individual signals, while being lighter and presenting a more
compact form factor. Moreover such arrangement reduces
possible electromagnetic interference.

In embodiments of the present invention, the number of
channels of the amplification circuit may vary depending on
the number of transducers required for the application
(actuator size vs. wavelength of operation for instance).

An example of an embodiment of a multi-channel high
voltage amplification circuit 13 i1s illustrated 1n FIG. 5a. In
this example four channels are 1llustrated, however more or
less channels may be provided, it being understood that the
four channels merely represent an example of a multichan-
nel embodiment.

The at least one amplification channel may advanta-
geously comprise a load resistor 19 and a vacuum tube 20.

The at least one power supply advantageously comprises
a DC power supply 15, a switched mode circuit 16 con-
nected to and fed by the DC power supply, a transtormer 17
connected to the output of the switched mode circuit and a
rectifier connected to the transformer. Switching transistors

of the switched mode circuit generate an alternating signal.

Since their state 1s either on or off, such type of circuit 1s
advantageously energy ethicient. The output signal of the
switched mode circuit powers the transformer. In an advan-
tageous embodiment, the transformer may comprise a ly-
back transformer. The transformer 17 increases the input
voltage which 1s further rectified by the rectifier. Since
rectification 1s never ideal, a high frequency component
from the oscillator circuit remains 1n the voltage output of
the rectifier, whereby the adverse eflects thereof may be
reduced by configuring the switched mode circuit to operate
at a relatively high frequency, chosen sufliciently greater
than the audible range e.g. greater than 20 kHz, for instance
around 40 kHz.

The amplified high DC voltage 1s applied to each channel
to power each electrode arrangement 6.

The control system 7 outputs the individual low voltage
control signals which should be amplified before reaching
the electrode arrangements.

In a preferred configuration the AC voltage amplification
part 1s based on vacuum tubes 20. This solution provides a
cost eflective and technologically simple way to amplify a
voltage signal. Additionally, 1t 1s lighter and free from a

possible electro-magnetic interference compared to a trans-

10

15

20

25

30

35

40

45

50

55

60

65

10

former. To provide a thermionic electron emission, the
cathode of the tube 1s heated by a low voltage DC or AC
source 23.

A constant anode-cathode electrical current 1s induced by
connecting the high DC voltage from the flyback trans-
former output to the anode 25 of the vacuum tube 20 while
the low potential 1s connected to the cathode 26 of the
vacuum tube 20. The modulation of the current is created by
connecting the voltage signal from the control system 7 to a
control grid electrode 24 of the vacuum tube 20.

The load resistor 19 1s placed between the flyback trans-
former and the anode 235 of the vacuum tube 20 for the
generation of the high AC voltage output signal. The output
high AC voltage component equals to the product of the load
resistance and the amplitude of anode current change. The
high DC voltage component feeding the electrode arrange-
ment 1s equal to the difference of DC voltage supply (12 kV
in the example) and the constant voltage drop 1n the load
resistor 19. Thus, both amplification factor of AC signal and
bias voltage of the electrode depend on the choice of the load
resistor, which should be chosen according to the expected
clectrical load of the plasma transducer 5.

Feedback may be added from the output of the vacuum
tube 20 via a feedback line 28 to the vacuum tube 1nput in
order to realize an amplifier that 1s load independent and has
a linear frequency response as illustrated on the second
output channel (the right side 1n FIG. 5a). The feedback
voltage signal can pass a voltage divider comprising resis-
tors and capacitors R, R;, C,, C,. Any of the resistors or
capacitors can be represented by series or parallel combi-
nation of the components in order to obtain a needed
resistance or capacitance. The magnitude of DC voltage at
the feedback line 28 compared to the voltage at the output
20 of the tube 1s then R,/ (R +R,)=R,/R,, 1if R;»R,. The
magnitude of AC voltage at the feedback line 28 compared
to the voltage at the output 20 of the tube 1s then C./(C .+
C,)=C.,/C,, if C»C,. For instance, if R,~100 MOhm,
R,=100 KOhm, C,=3 pF, C,=3 nF, the divider ratio 1s close
to 1000:1 1n the whole frequency spectrum.

The divider ratio fixes the amplification gain of the
amplifier which 1s not dependent on the load resistor 19
anymore (Load Resistor 2 in FIG. Sa). The feedback signal
can be connected to the noninverting input 30 of an opera-
tional amplifier 29. The output 31 of the operational ampli-
fier 1s connected to the control grid of the tube 20. If the
control signal containing bias DC signal and AC signal feeds
the mverting mput 30 of the operational amplifier, the
resulting voltage on the tube output 25 and therefore on
corona electrode 9 of the transducer 3 1s amplified by the
divider ratio, for instance by 1000 using the numerical
example discussed 1n the previous paragraph.

The embodiment illustrated in FIG. 5a shows an example
of a high voltage amplifier implementation to power four
transducers which consume maximum 10 W of electrical
power. As a typical switched mode circuit and flyback
transformer can sustain up to 150-200 Watts of power, the
DC power supply 15 1s a power limiting element in the
circuit and should be dimensioned accordingly. On the other
side the choice of the tube vacuum valve determines the
maximal power supplied to a single electrode arrangement.
Since the internal resistance of a high voltage tube 1s
comparable to the resistance of a plasma actuator, 1n case of
a failure of an electrode arrangement (e.g. shorting by an
arc) the circuit current 1s limited by the tube, thus preventing
damage to the amplification circuit components.

In another embodiment of a multichannel amplification
circuit 13 1illustrated 1n FIG. 35, the AC voltage output of a
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channel 1s connected to the collector electrode of the elec-
trode arrangement. This allows using a vacuum tube which
operates at a lower voltage than 1n the embodiment 1n which
the DC and AC channel voltage output 1s connected to the
corona electrode. The output voltage may for example be 1n
a range of 1-5 kV depending on the AC voltage amplitude
needed. Since 1n this configuration the collector electrode 8
cannot be grounded, an additional grounded electrode 27
may be located on the other side of the collector electrode 8
from the corona electrode 9, for instance as illustrated in
FIG. 4 1n order to prevent hazards with high voltage. The
necessary voltage difference for the electroacoustic plasma
transducer 1s generated between the output of the trans-
former 17 (for instance 12 kV DC 1n the embodiment of FIG.
5b) and the vacuum tube 20. Feedback may be added from
the output of the vacuum tube 20 via a feedback line 28 to
the vacuum tube input in the same way as 1n the previous
embodiment 1 FIG. 5a.

In variants, high voltage power MOSFET transistors may
be used 1nstead of vacuum tubes.

The number of amplification circuit channels and associ-
ated electrode arrangements can vary depending on the
application of the device. The acoustic pressure 1n front of
the electroacoustic plasma transducer may be measured by
a microphone 11 on the sound reducing side of the trans-
ducer. The control system may be configured to control the
transducers with a feed forward method if the analytical
model of the transducer 1s known (discussed herein further
on), which allows using a single pressure sensing micro-
phone to control one transducer. The pressure signal sensed
in the vicinity of each electrode arrangement by the micro-
phone 11 1s fed 1nto the controller 12 which 1s configured to
filter 1t with a control transfer function

U4c(8)

ps)

A(s) =

as 1llustrated in FIG. 5¢. The controller 12 outputs the AC
component u, -(s) of the voltage applied to the electrodes 1n
order to create a desired acoustic condition, for instance
sound absorption, sound reflection, pressure cancellation, or
other acoustic impedance conditions, at the position of the
microphone 11.

The controller output voltage u, (s) should be scaled
down to compensate the amplification factor of the high
voltage power supply (by a factor 1000 in the example
illustrated 1n FIG. 5¢). Additionally, without scaling down,
the AC voltage u,(s) 1s likely to exceed the typical con-
troller output voltage limits. The controller preferably runs
at a sampling frequency 10 times greater than the highest
frequency of interest. The high voltage supply amplifies
back the AC component and adds a DC bias. The total
voltage difference U(s)=U, +u, (s) 1s further applied to the
electrode arrangement 6.

The electroacoustic plasma transducer 5 can be placed 1n
different acoustic environments, of different sizes, and
enclosed or not enclosed. In this case the pressure signal
should be multiplied by the individual transfer function
which takes 1nto account the aforementioned conditions.

The feedback system 1s not able to provide optimal sound
absorption over a wide frequency range. For this purpose, 1n
an embodiment, the control system 7 may include a feed-
forward scheme which allows achieving a target condition
with a lower number of microphones and shorter latency.
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The control transfer function 6(s), which contains the
model of the transducer and the desired acoustic condition to
achieve 1n the form of a target acoustic impedance, converts
the pressure signal acquired by the microphone in the
vicinity of electroacoustic plasma transducer 1nto an elec-
trical voltage signal u, (s) which 1s fed to the amplification
circuit. The model of the transducer considers corona dis-
charge transducer as a combination of two processes, which
eventually produce sound: heat release and force generation.
It takes 1nto account that the electroacoustic plasma trans-
ducer of the noise reduction system can be placed 1n
different acoustic environments, which may be of different
s1izes, and may be enclosed or not enclosed. The voltage
u,-(s) drives the electroacoustic plasma transducer to
achieve a target frequency-dependent acoustic impedance at
the position of the microphone. This target condition may be
set to achieve sound absorption, sound reflection, partial
reflection/absorption, or pressure cancellation, depending
inter alia on the chosen 1mpedance 1n the control transfer
function 6(s).

Further an example of control transfer function 9(s) 1s
presented 1n order to achieve a perfect sound absorption
under the normal 1ncidence of sound waves.

The corona discharge can be modelled as the combination
of a heat and a mechanical force acoustic sources. Since the
thickness d of the discharge region 1n the device 1s typically
small compared to the wavelength 1n the audible range, and
both heat and force are homogeneously distributed over the
discharge area, the transducer can be considered as a point
source 1n one dimensional space, with the axis perpendicular
to the electrodes plane.

The one dimensional continuity equation reads:

do Jv

— +po— =0
0t pﬂ@x

(1)

In equation (1) pg 1s the undisturbed gas density, 0=p—p,
1s the density fluctuation. The Newton’s equation with a
force density

FH
1S:
ov 9p _ 2)
po ar  Ox J

The energy conservation equation with the heat power
density

]
reads:

pT_—h
0 D?f ’
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where 0=S—S 1s a change of entropy per unit mass, T, 1s the
static ambient gas temperature. Considering the ideal gas
with adiabatic transformations, the system closes with the
equation;

() (-2
“lar)f \os ). T\2)V 7\ [

where c 1s the speed of sound 1n the gas, and C, the heat
capacity per unit mass.
From (1) and (4), the density variation can be eliminated:

(4)

)

Combining (3) and (5) the entropy variation 1s removed
from the equation:

gv

= =
pﬂax

1 dp 1

28r  CpTo

(6)

Taking time derivative of equation (6) and space deriva-
tive of equation (2), excluding velocity from the system, the
fime domain wave equation for acoustic pressure 1s
obtained:

1@2;;»_@2_3;- L dh of (7)

2972 ax2  Cply 0t Ox

Alternatively, taking time derivative of equation (2),
taking space derivative of equation (6) with multiplication
by ¢, excluding acoustic pressure, the time domain wave
equation 1s obtained:

1 8%v %y 1 (8)

ct 9rr  9x?

oh_ 1L of
pDCPTD Jx pﬂgz 0t

In the frequency domain, the wave equations (7) and (8)
take the form:

— +k* |p = - i h+—f

dx Crlo  Ox

* 1 0h jw (10)
— +k v =— + I

A x* poCpTo 0x  poc?

The total force generated by the corona discharge 1s
directed from the emitter towards the collector electrode. It
can be written as:

Cd
= —2Upc — Uouac.

i

Here, d 1s the distance between the transducer electrodes,
L. 1s the effective mobility of the positive 1ons at atmospheric
pressure and given humidity, U, - 1s the bias voltage of the
transducer, u, ~ 1s the AC voltage component responsible for
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sound generation. The other unknown constants are defined
from voltage-current characteristics of the transducer which
1s approximated by the analytical formula: I=CU (U-U,),
where

1]

1s a dimensional constant and U, 1s the critical voltage at
which the discharge 1nitiates. Note that 1f the transducer 1s
designed 1n a monopolar geometry, which mncludes two
symmetrically placed collectors, the cumulative force 1n the

region between the electrodes equals zero.
The total heat power generated by the transducer 1s:

H=C3U,"2U Ut

Assuming homogeneously distributed force and heat
power, the total force F and heat power H relate to their
densities as

where S_ 1s the cross section area of the electrode arrange-
ment.

Referring to FIG. 5, assuming that the transducer elec-
trode arrangement 1s centered at the origin 0 of the x axis.
The external acoustic excitation emanates from the left of
the transducer electrode arrangement (negative x values),
the back acoustic load of the transducer electrode arrange-
ment (for example, hard wall, enclosure, or infinite
medium), 1s located at the right (positive X values). The
acoustic load 1s characterized by 1ts impedance Z.,. In plane
waves approximation any load impedance mismatch with
the characteristic 1impedance of air Z_=pc yields sound
reflection with reflection coefficient r=(Z,—pc)/(Z,+pc).

Further all acoustic pressures and velocities are consid-
ered for negative coordinates x as the region of interest. The
acoustic pressure P, generated by the heat source 1s found as
the solution of equation (9) considering only the heat source
on the right side. Taking into account a possible reflection
from the acoustic load, the formula reads:

dc
- 2C,T,

Di n(exp(jkx) + rexp{ jk(x —2L))).

1

T'he corresponding acoustic velocity v, 1s:

hlexp(jkx) +r exp(jk(x — 2L))).

Vi =

_QpCpTD

The force-induced sound pressure p, and velocity v, are
derived similarly. The minus sign 1n reflected wave 1s there
since the force 1s a dipolar sound source.

d
pr = 5./ (exp(jkn) - r exp(ik(x - 21))),

d
V== z—f (exp(jkx) — r exp(jk(x —2L))).
pe
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The total acoustic pressure 1n the vicinity of the trans-
ducer 1s the sum of the heat, force pressure, and the pressure
P_. created by an external acoustic excitation.

PI:Pf_I_P:“‘l_I_PﬂC‘

The same holds for acoustic velocity

V=V, Y,

Velocity v _ . can be expressed through the acoustic imped-
ance at position x: v, _=P__/7Z_(Xx). If the load impedance Z,
1s known, the acoustic impedance at distance L from the load
(at the transducer position) 1s the following:

Zr + jpctan(kl)

Z, C - :
pc + jZtan(kl)

c=p

Therefore, total acoustic velocity becomes:

Pt = Pr—Pn
ZEIC .

(11)

Ve = Vg TV T

The sound reduction 1s based on the control of the
acoustic 1impedance at position X and assigning 1t to the
desired target value Z,=p,/v, As an example, a target
impedance with real value Z, ,=pc corresponds to full sound
absorption (r=0), the value Z,=0 corresponds to pressure
release, yielding sound reflection r=—1 (full reflection with
opposite phase shift), etc.

The control algorithm 1s as follows:

the microphone in front of the transducer electrode

arrangement provides the measurement of the total
sound pressure p,.

the pressure p, 1s converted i1nto electrical voltage u, -

through the controller transfer function u, -=0-p..

this output voltage controls the output acoustic velocity v,

in such a way to satisty a relation Z,=p/v,.

In this cascade (P,—u,-—V,), the model of the electroa-
coustic plasma transducer 1s essential to 1dentify the transfer
function, that allows achieving the target impedance Z,,=p /
v,. Indeed, substituting the expressions of p,v.p,.v, and
target impedance to the equation (11) gives the formula for
the transfer function 0:

g = 1[1 _ me]
Zig )
where
— f(l + Z)[[ fo+ cho ]exp(jkx) + [— fo+ ho ]r exp(jk(x —2L))|.
2 pc C, 1 CpTy

In A f,=f/u,, hy=h/u, . are the constants depending on
the actuator and operating conditions. Since the distance
between the transducer electrode arrangement and the
microphone may be small (for istance less than 10 mm)
compared to the wavelength 1n the audible range, the factor
A can be processed with x=0.

s

Under normal incidence, the target impedance can be
generalized as Z,,=npc, where ne (0,+co). If n tends towards

Chg
CpTy

Chﬂ
CpTy

d Lac .
A= 5(1 + e + (—fg + )r exp(—ijL)].
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infinity, the target impedance corresponds to the case of a
hard wall condition which implies a reflection of mncident
acoustic waves. On the other side, lowering n towards zero
leads to a small target impedance which approaches a
pressure cancellation condition. The case with n=1 corre-
sponds to the sound absorption under normal sound inci-

dence. With Z, =npc as a target impedance the transfer
function 0 becomes

i

(Zp + po)(1 + jtan(kL))

ol )( npc — 2y,

— — + jtan(kl
71 — pe Jtan( ))

0=01/62, 0h =

Chg Chﬂ

CpTy

6 = fo + + (—ﬁ] + )r exp(—2 jkL).

ply

Stable transfer function in the s domain 1s obtained by first
order approximation of the tangent function and second
order approximation of the exponential.

pefunpc—2Ly  Ls
Y
n/\nZ; —pc ¢

Ls ”
(Zr +pc)(1 + ?)

0 =

L Lr
- — + —3
Chﬂ Chﬂ s 262
6, = fo + +(—f+ )r
P Oy " CpTy Ls L*
I+ —+—5s
c 2c

The transfer function 1s used 1n the active noise reduction
system 2 1n order to set different acoustic conditions depend-
ing on the intended application. It may be individual to every
manufactured electroacoustic plasma transducer.
To obtain the control transfer function and configure the
control system, the following generalized procedure may be
undertaken.
a. Estimation of parameters of the transducer model and
storing them 1n the memory of controller. These may
include:
geometrical parameters such as distance d between the
corona electrode and the collector electrode, the
cross section area of the electrode arrangement S_,
distance L from the center of electrode arrangement
to the enclosure (if there 1s any). These parameters
can be obtained by direct measurements.

back impedance 7, corresponding to the presence of
enclosure on the transducer. This parameter can be
measured e.g. 1n the impedance tube, or modelled 1n
a computer simulation.

environmental parameters such as ambient gas tem-
perature T, sound speed 1n gas ¢, gas mass density
p. These parameters can be obtained by direct mea-
surements or taken from tables.

discharge parameters such as effective 1on mobility p.,
that can be found 1n the literature [18] or measured.

discharge parameters such as critical corona voltage
U, and dimensional constant C. They can be
obtained after a specific idenfification procedure,
since they are umique to every transducer and vary
depending on transducer geometry or environment.
To estimate U, and C, voltage-current characteristics
of a particular transducer 1n a given environment
may be measured. Applying different constant volt-
ages U the constant electrical current I between the
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electrodes 1s recorded. For the data points where
current 1s not zero, the recorded curve can be fitted
with formula [=CU(U-U,). From the fit parameters
U, and C can be obtained.

b. A target, frequency-dependent complex acoustic
impedance Z,, (®) may be chosen which defines a
desired acoustic condition to achieve. It can be chosen
freely, but an optimal value (eg. for optimal sound
absorption) depends on the environment the noise
reduction system 1s put. The optimal value can be
measured or simulated 1n simple environments such as
ducts or found empirically in more complex environ-
ments.

c. Combining the transducer model and the back imped-
ance model of step (a), and the target impedance model
of step (b), allows to obtain the target control transfer
function 0(s) for each individual transducer. Since the
model 1s linear, the control transfer function 8(s) may
be built 1n the Laplace domain (s=j®).

d. Implement, 1n the control system, the transfer function
O(s) for each plasma transducer, for instance 1n the form
of an Infinite Impulse Response (IIR) filter. The output
voltage signal u, (s) of the IIR filter 1s fed to the
amplification circuit that 1s further connected to the
corresponding electrode arrangement.

In the case of noise propagation 1n long ducts such as
ventilation, air conditioning and flow carrying systems, the
device can benefit from a broadband plasma-based noise
reduction system. The proposed noise reduction system can
be an alternative to conventional acoustic baffle silencers,
that lack efficiency at low-frequencies. Such plasma-based
noise reduction solution can be either used 1n a grazing
incidence configuration (as 1n a conventional acoustic baffle
silencer) but with significantly smaller depth to tackle low-

frequencies, or under normal 1ncidence, provided the free
(open) area of the plasma transducer 1s set to not disturb the
mean air flow (FIG. 3, discussed later). Each plasma solution
can apply to either rectangular or circular duct cross-section
(as 1n FIG. 1j).

As an example, for a rectangular duct of 50x50 mm?2
cross section the absorber with the following parameters 1s
installed along the duct wall:

S0x50 mm2 rectangular actuator, interelectrode distance

d=6 mm, backed with a rigid termination

H“EZS

(71 = 105[k—g],

r=1) at distance LL.=20 mm, with a sensing microphone at 5
mm 1n front of the electrode arrangement.
Estimated voltage-current characteristics of the form

[=CUU=-Uy)=2.2- 10‘“[%]15({? - 6190[V]),

with operating voltage U, =8200 [V].
Effective 1on mobility

2
m
;= 1.1 10—4[—]

sV

10

15

20

25

30

35

40

45

50

35

60

65

18

for average humidity 30-60% at the atmospheric pressure.
Air density

kg
m

speed of sound

m
c=343[—],
o)

average temperature T,=20 [C° |, air heat capacity

C 1015 J
P keK |

Target impedance Z,,=(0.11-11*0.09)*f as the optimal for
sound absorption under grazing incidence i1n a duct
with height 50 mm, f—frequency 1n Hz.

If all the parameters are inserted in the formula for

transfer function 0, the following continuous transfer func-
tion 1s obtained:

b[}S’z =+ blS =+ bz

2

SZ—I—HLS*—I—:‘:IZ

Where b,=2.13e2 [s7°], b,=1.66e6 [s~'],b,=5.70e9,
a,=2.45e3 [s'], a,=0.3.
If the sampling frequency of the controller 1s 50 kHz, the
discrete time transfer function mn z domain can be
obtained and integrated in a controller:

191.9 —414z71 + 2243272
1-19522"1 40952172

It works as a digital filter where the mput signal 1s the
front pressure in Pascals sensed by a microphone, and the
output 1s the ac component of the voltage u, -, which should
be summed to the dc component U, =8200 [ V] and applied
to the electroacoustic plasma transducer to absorb sound.

Another example relates to noise reduction 1n rooms and
spaces of medium size where the plasma-based active noise
reduction system according to an embodiment 1s placed 1n
the corner of the room. The following specifications are
provided as an example:

300x400 mm?2 rectangular actuator, interelectrode dis-

tance d=9 mm, backed with a rigid termination,

k
(Z; = 105[—?],
m-s

r=1) at distance L=150 mm, with a sensing microphone at 5
mm 1n front of the electrode arrangement.

Estimated voltage-current characteristics of the form

[=CUWU -Uy) =34 10‘1”[%]U(U — 8970[V]),

with operating voltage U, -=12000 [V].
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Effective 1on mobility

2

m
=11 104[—]
H sV

for average humidity 30-60% at the atmospheric pressure.
Air density

K
= 1.23[—%],
1M

speed of sound

m
¢ :343[—],

5

average temperature T,=20 [C°], air heat capacity

C 1015 !
P keK |

Target 1impedance Z,,=0.25pc for damping low frequency
noise 1n the space.
Continuous time transfer function of third order can be
obtained by approximation of the analytical function:

bos> + b1s* + bys+ b
- ol where by = 1.088e3[s73],

33 =+ ﬂIISE + (28 + (I3

by = —4.99¢6|s72|, by = —3.42¢1057!|, by = —1.04e14,

ay = —2.48¢4|s72|, ay = 6.18¢7|s7Y], a3 = 2.39¢10.

Discretized transfer function at 50 kHz sampling fre-
quency:

(z - 1.202)(z* - 1.909z + 0.9126)
(z —0.9553)(z — 0.9905)(z — 0.6395)

6 = 824.85

According to an embodiment, the active noise reduction
system 2 may form a multipolar sound source. The flexibil-
ity offered by the transducer electrode arrangement geom-
etry can be used to create a multipolar radiating source. This
embodiment can have a spherical geometry as 1llustrated 1n
FIG. 1c. An internal spherical dielectric support frame 10
supports a corona electrode 9. It could be manufactured from
an array of needles, or array of wires strung on the dielectric
spherical frame 10. The collector electrode 8 may be 1n the
form of a second sphere of greater diameter concentrically
located around the internal spherical dielectric support
frame. The collector electrode may be in the form of a
perforated metal sphere, a spherical wire mesh, or other
electrically conducting and sound penetrable material
arranged 1n a sphere. Such a transducer can be considered as
a substantially 1deal three dimensional ommnidirectional
sound source. It can be used as a spherical wave radiator. If
the total size 1s small compared to the radiated sound
wavelength, i1ts behaviour approximates a perfect point
source.
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In a variant, the collector electrode 8 comprises sectors
8a, 80, 8c, 8d where the electrical potential 1s controlled
independently. If the AC voltage difference u, - between the
corona electrode 9 and the collector electrode sectors 8a, 85,
8¢, 84 has the same amplitude and phase, the case 1s similar
to the previous embodiment and the transducer has a
monopolar directivity. In a variant with a pair of half sphere
sectors, 1f the AC signal u, - has the same amplitude but 130
degrees phase shift for two opposite half-spheres of the
collector electrode, the sound radiation 1s dipolar. In a
variant where the collector electrode 1s formed of four equal
symmetric quarter-sphere sectors, 1f the AC signal u, - has
the same amplitude but 180 degrees shift between any two
closest sectors, this case 1s equivalent to the operation of two
dipoles 1n opposite phase, thus, generating a quadrupolar
signal. FIG. 1c 1llustrates an example of a spherical corona
discharge transducer presenting a collector electrode divided
in 8 equal sectors. One sector 1s removed for illustrative
pUrposes.

In an alternative embodiment, the corona electrode may
be formed of individual sectors where the electrical potential
1s controlled independently.

According to another embodiment, the sound radiating
sectors of the electroacoustic plasma transducer may be
formed by individual electrode arrangements formed of a
pair of electrodes—one corona electrode and one collector
electrode—where the individually controlled electrode
arrangements are assembled together to form a 3D shaped
transducer.

The multisector variants may advantageously be extended
to realize virtually any multipolar sound source.

Other 3D shapes of multipolar sound sources based on the
principles of the foregoing variants with a plurality of
sectors are possible, for example cylindrical, parallelepiped,
pyramidal and other multifaceted 3D shapes.

In embodiments, the active noise reduction system 2 may
be used for sound absorption purposes. The system can be
implemented 1n ducts, for instance ventilation ducts, 1n order
to absorb unwanted acoustic noise, 1n rooms to reduce the
reverberation and/or to equalize the acoustic modal behavior
at low frequencies, or in other 1nstallation structures such as
noise barriers for transportation noise, acoustic partitions for
office cubicles, and casings for loud machines.

The active noise reduction system 2 may comprise one or
a plurality of electroacoustic plasma transducers 5, each
transducer comprising an electrode arrangement or a plu-
rality of electrode arrangements or electrode arrangement
sectors, and a control system with a multichannel amplifi-
cation circuit 13 and one or more microphones 11. A
multichannel arrangement allows to absorb an incident
sound over a wide frequency range. The typical thickness of
the electrode arrangement may be approximately 100 times
smaller compared to the wavelength of the lowest frequency
it can absorb, which 1s very compact compared to passive
absorbing materials or electrodynamic loudspeaker tech-
nologies. The highest frequency of absorption can be limited
by the enclosure thickness, transducer size, approximations
made 1n the transfer function, delays 1n the control system
and 1ts sampling rate.

For an active noise reduction system 2 acting on the sound
field on one side of the electrode arrangement and absorbing
plane waves, a preferred geometry comprises flat or almost
flat electrode arrangements. In this case, the transfer func-
tion 1s simple to design. The planar transducer inherently
generates sound 1n both directions normal to the electrode
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plane. To absorb sound in front and not disturb the back
sound field, the transducer should be enclosed on the back
side.

In variants, the electrode arrangement may have a curved
shape, for instance as illustrated m FIG. 15, to conform to
the installation structure, for instance for installation 1n
aircraft turbine engine liners.

If the active noise reduction system 2 1s used in three
dimensional space such as rooms, the microphone should
preferably be placed 1n a center of a sound reduction side of
the collector electrode of the electrode arrangement. This
allows to have a minimal possible control delay and measure
the average pressure on the sound reduction side of the
clectroacoustic plasma transducer.

In embodiments where the installation structure 1s a duct,
in which mainly plane waves propagate, the microphone can
be flush mounted 1n the duct wall.

The transfer function may be implemented based on a
target 1mpedance determined empirically or by computer
simulation as optimal for absorption 1n the installation
structure.

In 1nstallation structures comprising ducts, the 1dentifica-
tion of the optimal impedance may be linked to the ratio of
cross-section between the duct and the transducer, and the
characteristic impedance Z .. In more complex spaces such
as rooms, an optimal impedance may be rather diflicult to
derive or model analytically. In such cases, the optimal
impedance for the transfer function may be chosen empiri-
cally, for instance by iteratively changing the value of Z,, in
transier function 0 and assessing the performance experi-
mentally, or by computer simulation, for instance by 3D
computer modelling of the room and sound transmission
characteristics, to i1dentily the optimal impedance for the
transier function.

The number of the electrode arrangements in the active
noise reduction system 2 may vary in different cases. In the
duct under normal 1ncidence, one single transducer covering
the whole cross section may sutlice. However, for damping,
room modes at low frequencies several transducers can be
placed in the room comers or room walls. A plurality of
clectrode arrangements may be used to increase efliciency of
sound absorption in three dimensional space.

As an alternative to the sound absorption, the active noise
reduction system 2 can be configured to control the amount
of reverberation 1n the room at higher frequencies. If a space
needs to sound more reverberant, the system can be config-
ured to retlect more sound than the passive walls do.

In an embodiment, the active noise reduction system 2 can
be implemented as an acoustic liner for noise reduction, for
example, for aircraft engine noise reduction. It 1s well suited
for such applications compared to known active methods:

due to the absence of moving parts, that are likely to be

damaged by harsh environments,

due to 1ts compliance to hot temperatures

due to its ability to adapt to curved shapes (cylindrical,

etc.)

The electrode arrangement geometry may be curved, as
illustrated 1n FIG. 15, to conform to the shape of an aircraft
engine nacelle. The target impedance Z,, i the transfer
function can be adapted to perform more effective sound
absorption 1n a wall-mounted configuration in the presence
of a mean flow. The target impedance 7, can be also
implemented as a complex frequency dependent function
and, while being stable, closely follow an optimal 1mped-
ance for grazing incidence absorption, for example, as 1n

(151, [16].
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In another embodiment, the active noise reduction system
2 can be implemented as an active noise reduction system
mounted 1 a window 1b.

The main problem with existing active window concepts
employing loudspeakers within the frame of the window 1s
the actual integration of the speakers, and the constraints
linked to their minmiaturization. Indeed the small size of the
transducers (less than 2 cm diameter) impacts their dynamic
response and prevent their use i1n the very low-frequency
range, where most of the attenuation 1s needed.

The electroacoustic plasma transducer 3 according to
embodiments of the invention can be employed to reduce
noise transmission through windows since the sensitivity/
frequency band of operation does not depend on the surface
of the transducer.

FIG. 2a schematically illustrates an embodiment of an
active noise reduction system embedded 1n the window side
frame. As an example, the corona electrode 9 1s made of a
wire array and the collector electrode 8 of a metal mesh or
perforated plate. A single electrode arrangement 6 allows
damping only a limited range of frequency acoustic modes.
In order to be able to reduce noise of higher order modes, a
plurality of electrode arrangements 6 may be 1nstalled, with
different transfer functions to cover the desired range of
frequency acoustic modes.

In a preferred configuration, more than one edge of the
window, or all edges of the window, could be fitted with
clectrode arrangements. The electrode arrangement may
either have a monopole configuration with two collector
clectrodes surrounding the corona electrode, or a dipole
configuration with one collector electrode facing the plenum
of the window, and the corona electrode positioned between
the collector electrode and the frame of the window closing
the plenum.

Since the control system 7 may be placed at a distance
from the electrode arrangement, the appearance of the
window may resemble a conventional window.

In another embodiment of a noise reduction system
embedded 1n a window, the electrode arrangement 5 can be
mounted parallel to the window panels. It 1s preferable to
construct the electrode arrangement 5 1n a monopole con-
figuration because for dipolar geometry the sound reflection
from glass panels may cancel out the sound emitted by the
clectroacoustic plasma transducer at low frequencies. A
plurality of electrode arrangements may be stacked together
side by side 1n order to be able to damp a large range of
frequency modes propagating through window.

In FIGS. 26 and 2¢ two possible embodiments with
monopolar configuration of the electrode arrangement are
schematically illustrated. In the example of FIG. 2b, the
collector electrode 8 has two plates or layers, one on either
side of a corona electrode 9 formed by an array of wires. In
the example of FIG. 2¢, one collector electrode 1s placed
between a corona electrode formed by two arrays of wires,
one either side of the collector electrode. The porosity of the
collector electrodes can be chosen to satisty various trans-
parency requirements. In a variant, the collector electrode
may be a panel of a transparent conductor, or a thin
transparent conductive layer, such as mdium tin oxide,
formed on the inner surface(s) of the glass pane(s) of the
window.

In an embodiment, the active noise reduction system 2 can
be implemented as an active noise reduction system
mounted 1n a ventilation duct as schematically 1llustrated in
FIG. 3. The electrode arrangement 1n this example 1s placed
in the duct 1a with the plane of the electrode arrangement
perpendicular to the duct axis A. The microphone 11 mea-
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sures the noise disturbance in the ventilation duct and the
control system 7 calculates and generates the voltage signal
for the electrodes in order to minimize noise 1n the location
of the microphone. Since mainly plane waves propagate 1n
the ventilation duct, minimization of the noise signal at the
microphone location ensures noise reduction 1n the whole
duct after the electrode arrangement. The electrode arrange-
ment 1s porous 1n order to allow airtlow 1n the duct. In a
variant, the electrode arrangement may have a diameter or
surface area that only partially extends across the duct,
allowing airflow around the electrode arrangement 1 addi-
tion, or mstead of, the airflow through the electrode arrange-
ment.
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The mvention claimed 1s:

1. An active noise reduction system comprising an elec-
troacoustic plasma transducer for mounting 1n an installation
structure and an acoustic sensing system, the electroacoustic
plasma transducer comprising a plasma electrode arrange-
ment including a collector electrode and a corona electrode,
and a control system connected to the plasma electrode
arrangement for supplying power to the plasma electrode
arrangement, the control system comprising a controller, and
a amplification circuit, the acoustic sensing system con-
nected to the control system providing a measurement signal
of an environmental sound to control the output of the
clectroacoustic transducer for reducing noise, wherein the
control system comprises a filter implementing a control
transier function 0(s) based on a model of the electroacous-
tic plasma transducer, said filter implementing said control
transier function 0(s) being further based on a frequency-
dependent target acoustic impedance Z, ().

2. The active noise reduction system of claim 1, wherein
the acoustic sensing system comprises a microphone con-
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nected to the control system and placed on an open side of
the plasma electrode arrangement facing a source of noise to
be reduced.

3. The active noise reduction system of claim 2, wherein
the filter outputs a voltage signal u , (s) fed into the ampli-
fication circuit of the control system configured to drive the
clectrode arrangement to achieve said frequency-dependent
target acoustic impedance at the position of the microphone.

4. The active noise reduction system of claim 2, wherein
the microphone 1s positioned at a distance of less than 20
mm from the open side of the plasma electrode arrangement.

5. The active noise reduction system of claim 1, wherein
the filter 1s an Infinite Impulse Response (11IR) filter.

6. The active noise reduction system of claim 1, wherein
said model of the electroacoustic transducer comprises
parameters selected from any one or more of:

geometrical parameters, such as: a distance d between the

corona electrode and the collector electrode, a cross
section area of the electrode arrangement S_, a distance
L. from a center of electrode arrangement to an enclo-
sure;

a back impedance Z, corresponding to the presence of an

enclosure behind the electrode arrangement;
environmental parameters, such as: ambient gas tempera-

ture T,, sound speed in gas ¢, gas mass density p;
discharge parameters, such as: eflective 1on mobility p,

critical corona voltage U, and dimensional constant C.

7. The active noise reduction system of claim 6, wherein
said discharge parameters critical corona voltage U, and
dimensional constant C are obtained by applying different
constant voltages U and recording the electrical currents I
between the corona and collector electrodes whereby for
data points where said current 1s not zero, a recorded curve
can be fitted with formula I=CU(U-U,) and therefrom the
critical corona voltage U, and dimensional constant C
parameters can be obtained.

8. The active noise reduction system of claim 1, wherein
the amplification circuit comprises a feedback line con-
nected between the electrode arrangement and the amplifi-
cation circuit.

9. The active noise reduction system of claim 1, wherein
the amplification circuit comprises a plurality of amplifica-
tion channels connected to a plurality of said plasma elec-
trode arrangements configured to feed each -electrode
arrangement with an individual alternating electrical voltage
signal.

10. The active noise reduction system of claim 9, wherein
cach amplification channel of the amplification circuit com-
prises a vacuum tube.

11. The active noise reduction system of claim 9, wherein
cach amplification channel of the amplification circuit com-
prises a load resistor that may have a diflerent value from
load resistors of other channels for setting the amplification
level of each channel adapted to the desired operation of the
clectrode arrangement connected thereto.
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12. The active noise reduction system of claim 1, wherein
the amplification circuit comprises a DC power supply, a
switched mode circuit connected to the DC power supply,
and a transformer and rectifier connected to the switched
mode circuit.

13. The active noise reduction system of claim 12,
wherein the amplification circuit comprises a vacuum tube,
an anode of a vacuum tube being connected to an output of
the rectifier via a load resistor.

14. The active noise reduction system of claim 1 wherein
the collector electrode 1s at least partially transparent.

15. The active noise reduction system of claim 1 wherein
the amplification circuit generates a maximum transducer
operating voltage in a range of 5 to 20 kV, more preferably
in a range ol 5 to 15 kV.

16. The active noise reduction system of claim 1 wherein
a distance d between the corona electrode and the collector
clectrode, and maximum transducer operating voltage dii-
ference U ___ between the corona electrode and collector

FRLEEX

electrode, 1s chosen 1n order to satisty the relation: U_ _ /
d=1.8-2*10° V/m.

17. The active noise reduction system of claim 1 wherein
the corona electrode comprises an array of electrode seg-
ments spaced from each other at a distance between 1.5%d
and 3*d, where d 1s the closest distance between the corona
clectrode and the collector electrode.

18. The active noise reduction system of claim 1 wherein
the electroacoustic plasma transducer comprises an enclo-
sure on one side of the plasma electrode arrangement.

19. The active noise reduction system of claim 1 wherein
said plurality of plasma electrode arrangements comprises
one corona electrode and a plurality of collector electrodes
associated with said one corona electrode.

20. The active noise reduction system of preceding claim
19 wherein the plurality of collector electrodes form
together a 3D shape surrounding the corona electrode.

21. The active noise reduction system of preceding claim
20 wherein the 3D shape 1s substantially spherical.

22. The active noise reduction system of claim 1 wherein
the plurality of electrode arrangements are installed 1 a
window.

23. The active noise reduction system of claim 22 wherein
the plurality of electrode arrangements are installed 1 a
frame of window.

24. The active noise reduction system of claim 22 wherein
the plurality of electrode arrangements are installed 1 a
plenum of the window, substantially parallel to a panel of the
window.

25. The active noise reduction system of claim 1 wherein
the plurality of electrode arrangements are installed 1 an
exhaust or ventilation duct.

26. The active noise reduction system of claim 25 wherein
the plurality of electrode arrangements are installed trans-
versely across an axis of the exhaust or ventilation duct.
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